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SPECIFICATION 

Low-Loss Optical Waveguide Crossovers 
Using an Out-Of-Plane Waveguide 
CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to U.S. provisional application serial no. 60/467,341, 
filed May 1, 2003, and U.S. provisional application serial no. 60/485,065, filed July 7, 2003, both of 
which are folly incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0002] The field of the invention is optical waveguides and more particularly, optical waveguide 
crossovers. 

Background 

[0003] In many planar lightwave circuit (PLC) designs, waveguide intersections (or crossovers) 
are unavoidable. This is particularly true of designs that involve switch interconnect patterns. For 
instance, for an NxN Spanke switch architecture, there are as many as (N-l) crossovers in just one 
optical path. For example, the maximum number of crossovers in an 8x8 Spanke switch is 49. Each 
crossover is notorious for contributing to optical loss and can be the source of crosstalk into other 
channels. 

[0004] FIG. 1 illustrates an example of a prior art 4x4 Spanke switch. It consists of four 1x4 
switch elements (l)-(4) opposite four additional 1x4 switch elements (5)-(8). Each of the four 
outputs from switch element (1) must have a waveguide connection to a single input on each of 
switch elements (5), (6), (7), and (8). Likewise, each of the outputs from switch element (2) must 
have a waveguide connection to a single input on each of switch elements (5), (6), (7), and (8); and 
so on. This results in an interconnect pattern with waveguide paths having as few as zero crossovers 
(2 paths), and as many as 9 crossovers (2 paths). For example, connecting waveguide (10) to 
waveguide (20) requires crossovers at points (31)-(39). There are many ways to realize this 
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interconnect pattern, but as long as it is done in a single plane, these are the minimum number of 
crossovers. 

[0005] The usual prior art approach to creating crossovers with minimum optical loss and 
minimum crosstalk is to design the waveguide pattern such that all waveguide cores intersect at right 
angles (as shown in FIG. 1), and yet otherwise remain in the same plane. FIG. 2 is a detailed view 
of the prior art waveguide cores of FIG. 1 at locations (31)-(33). It shows waveguide core (10) 
occupying the same space as waveguide cores (1 1), (12), and (13) at locations (31), (32), and (33), 
respectively. 

[0006] Because the waveguide cores intersect at right angles, the optical loss and crosstalk are 
minimized by virtue of the intersecting waveguide (1 1), (12), or (13) having the minimum vectorial 
component in the direction of light propagation (25). However, there is still some finite loss caused 
by each core intersection. This loss arises from diffraction and mode mismatch at each intersection. 
FIG. 3 is a graphic of the Beam Propagation Method (BPM) simulation results from intersecting 
waveguide cores. It shows the light propagating in waveguide core (10) as it crosses waveguide core 
(1 1). The direction of propagation is shown by the arrow (25). As soon as the light reaches the 
leading edge of the intersecting waveguide (26), the light is unguided in the x direction and diffracts 
according to optical diffraction principles. When this diffracted light reaches the opposite side of the 
intersecting waveguide (27), the E-field profile, or mode profile, is spread out and no longer has the 
same profile it had when it was originally guided. Therefore, the light will not completely re-couple 
back into waveguide (10). A fraction of the light will be lost to the cladding as shown (28). 

[0007] The loss from each crossover can be approximated by: 

L cr0S s «-10-log[l-(4A/v 2 )(a/w 0 ) 4 ] dB 
where: A = (ni 2 -no 2 )/(2ni 2 ) 

v = (27ra/X)(n 1 2 -n 0 2 ) 1/2 

where no is the cladding index, ni is the core index, a is the core half-width, X is the wavelength of 
the light, and wo is the radius of the propagating mode at which the E-field is e~ l = 36.8% of its 
maximum, E 0 . It is determined by first evaluating the E-field for points along the radial distance, x, 
which cannot be solved by closed-form equations: 
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E y = Eo cos(ux/a) for|x| <a 

= E 0 -cos(u)'exp[-(w/a)(|x|-a)] for |x|> a 

where: w = u-tan(u) 
u = (v 2 V) 1/2 

These last two equations must be solved by recursion. 

[0008] As an example of the loss that can be expected, a waveguide system with the following 
characteristics: 

no = 1.450; 
m = 1.482; 
a=1.60um; 
X = 1.55 um 
will have the following parameters: 
A = 0.0214; 
v = 1 .986667 radians; 
w= 1.700426 radians; 
u= 1.027325 radians. 

[0009] w 0 is determined by numerically evaluating E y for several values of x, and finding the 
value of x where E y = 0.368E 0 . For this example, this value is w 0 = 1.925 um. Therefore, the loss 
per crossover (L cr0S s) is calculated to be approximately 0.045 dB. This result is also obtained by 
BPM software. 

[0010] Therefore, there is a need for an improved waveguide crossover that has a lower loss and 
a method of creating an improved waveguide crossover. 
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SUMMARY OF THE INVENTION 

[0011] The invention relates to an improved waveguide crossover that uses an out-of-plane 
waveguide, or other light carrying structure, to achieve lower loss, and a method of creating the 
improved waveguide crossover, as described herein. 

[0012] In the example embodiments, a light signal from a first waveguide is coupled efficiently 
through directional coupling to a bridge waveguide in a different plane. The light signal optionally 
may be directionally coupled from the bridge waveguide to a second waveguide. 

[0013] Other systems, methods, features and advantages of the invention will be or will become 
apparent to one with skill in the art upon examination of the following figures and detailed 
description. It is intended that all such additional systems, methods, features and advantages be 
included within this description, be within the scope of the invention, and be protected by the 
accompanying claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The components in the figures are not necessarily to scale, emphasis instead being placed 
upon illustrating the principles of the invention. All illustrations are intended to convey concepts, 
where relative sizes, shapes and other detailed attributes may be illustrated schematically rather than 
literally or precisely. Moreover, in the figures, like reference numerals designate corresponding 
parts throughout the different views. However, like parts do not always have like reference 
numerals. 

[0015] FIG. 1 illustrates a prior art 4x4 Spanke switch. 

[0016] FIG. 2 is a detailed view of the prior art waveguide cores of FIG. 1 at locations (3 1)-(33). 

[0017] FIG. 3 illustrates the BPM simulation results from intersecting waveguide cores of 
FIG. 2. 

[0018] FIG. 4a illustrates an example embodiment of the waveguide core structure of an 
improved waveguide crossover. 

[0019] FIG. 4b illustrates a cross-sectional view of the example embodiment of the improved 
waveguide crossover of FIG. 4a. 
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[0020] FIGs. 5a and 5b illustrate the BPM simulation results of the example embodiment of an 
improved waveguide crossover of FIG. 4a. 

[0021] FIG. 6 illustrates a 4x4 Spanke switch that utilizes the improved waveguide crossover of 
FIG. 4a. 

[0022] FIGs. 7a-7i show a fabrication sequence that may be used to manufacture the improved 
waveguide crossover of FIG. 4a. 

[0023] FIG. 8a illustrates an example of a preferred embodiment of a waveguide core structure 
of an improved low-loss waveguide crossover. 

[0024] FIG. 8b illustrates a cross-sectional view of the example preferred embodiment of the 
improved waveguide crossover of FIG. 8a. 

[0025] FIGs. 9a and 9b illustrate the BPM simulation results of the example preferred 
embodiment of an improved waveguide crossover of FIG. 8a. 

[0026] FIG. 10 illustrates a 4x4 Spanke switch that utilizes the improved waveguide crossover of 
FIG. 8a. 

[0027] FIGs. 1 la-1 li show a fabrication sequence that may be used to manufacture the improved 
waveguide crossover of FIG. 8a. 

[0028] FIG. 12 is a graphic to help visualize the physical representations of certain equations. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0029] The improved method is described in which optical signals transmitted by a waveguide 
system can cross over multiple transverse waveguides with a greatly reduced loss of signal intensity 
by using a second waveguide (such as a bridge), or other similar light carrying structure, positioned 
in a second plane different from the plane containing the transverse waveguides. An optical signal 
from the input waveguide is coupled efficiently through a process called directional coupling, and 
similarly coupled to the output waveguide. The improved low-loss waveguide crossover enables the 
integration of multiple devices to perform complex optical functions using waveguides with very 
low loss due to crossovers. 
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[0030] The improved low-loss waveguide crossover uses an out-of-plane, such as vertical, 
directional coupling to "bridge" over any number of waveguides with very low, or essentially no, 
optical loss or crosstalk. FIGs. 4a and 4b illustrate an example embodiment of a waveguide core 
structure of an improved low-loss waveguide crossover. The light propagating in waveguide core 
(10), in the direction of arrow (25), is optically coupled into waveguide core (30) by directional 
coupling. 

[0031] Directional coupling is a well-understood waveguide phenomenon. Usually, however, 
directional coupling is implemented in cores that are side-by-side, or on the same plane. Basically, 
light propagating in one waveguide can be 100% coupled into a neighboring parallel waveguide if 
the appropriate coupling conditions are met. This 100% coupling occurs over a propagation distance 
known as the coupling length. The coupling length is dependent upon the waveguide structure (e.g., 
core index, cladding index, and core dimensions), the separation between the cores, and the 
wavelength of light being propagated. If the waveguides neighbor each other for a distance longer 
than the coupling length, the light will begin to couple back into the original waveguide. 

[0032] The improved low-loss waveguide crossover works by overlapping waveguide core (30) 
over waveguide core (10) by a distance (40) equal to the coupling length. Therefore, light 
propagating in the lower of the two cores, in the direction of the arrow, in the upper left of the 
diagram, is 100% coupled into the upper (bridge) core. Light in this bridge core can now be routed 
over any length and any number of waveguides with extremely low loss if the separation used in the 
coupling is relatively large (e.g., on the order of a core width). In a broadband application, there is 
an essentially zero loss in theory for a given wavelength, and a very small loss for other frequencies 
in the broadband. The light in waveguide core (30) is then introduced back down to the same level 
as waveguide core (10) by overlapping it with waveguide core (50) over a length equal to the 
coupling length (40). 

[0033] FIG. 4b illustrates a cross-sectional view of the example embodiment of the improved 
waveguide crossover of FIG. 4a, which may be referred to as a "full bridge" crossover because, in 
the example embodiment, the light signal crosses up to a bridge and then crosses down. An interface 
structure (80) transmits input light to a lower plane waveguide core (10), such that coupling of the 
light occurs at the overlap (45) between the waveguide core (10) and bridge waveguide core (30). 
The light crosses over into the upper plane bridge waveguide core (30) and is transmitted along the 
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bridge waveguide core (30), over perpendicular waveguides (11-13), and is coupled again at another 
overlap (45) to a lower plane waveguide core (50), then travels out to another interface structure 
(80). 

[0034] FIGs. 5a and 5b are graphics of the BPM simulation results of the example embodiment 
of an improved waveguide crossover of FIG. 4a. FIG. 5a is a BPM simulation result showing X and 
Z axes. FIG. 5b is a graph of the power of the light in the waveguide, normalized at X = 0. By this 
method, there is very little, or essentially no, light lost when crossing over waveguides. By this 
same virtue, there is also that much less crosstalk in the waveguides that have been bridged. 

[0035] This method of creating low-loss optical waveguide crossovers can be implemented with 
any waveguide material system. Examples include doped silica, silicon oxynitride, sol-gel, silicon, 
polymer, GaAs, InP, LiNbC>3, or even fluid-based cores/claddings. 

[0036] When faced with a design that requires many waveguide crossovers, implementing the 
improved low-loss waveguide crossover described in this patent specification will result in lower 
loss and lower crosstalk. If one had used the aforementioned prior art, the total loss due to 
crossovers (L T ) is equal to the loss from each crossover (L cross ) multiplied by the total number of 
crossovers (C), or L T = C(L cross ). 

( [0037] By using the above embodiment of the improved low-loss waveguide crossover in FIG. 
4a, the total loss due to crossovers is equal to the coupling loss at each end of the "bridge" (L CO u P iing), 
plus the slight loss due to bridging over each waveguide (linage), or: 

Lt = 2(L coup ii ng ) + C(Lbridge) 

[0038] The following example demonstrates the loss improvement offered by the improved low- 
loss waveguide crossover in FIG. 4a.. First, let's assume a waveguide system with the 
aforementioned parameters: 

no =1.450 
n, = 1.482 
a = 1 .60 um 
X = 1.55 um 

[0039] In the prior art approach, the loss due to each crossover is 0.045 dB. If we assume the 49 
crossovers necessary for an 8x8 Spanke switch, the total loss is 2.2 dB. By employing the improved 
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low-loss waveguide crossover in FIG. 4a, and assuming a center- to-center core separation (D) of 4.7 
um and a coupling length of 368 um for the bridge core, L COU piing = 0 and Lbndge^ 0.002. Therefore, the 
total loss after 49 crossovers is reduced to 0.1 dB. 

[0040] It should be noted, however, that whereas the prior art method is relatively insensitive to 
wavelength, the loss of the improved low-loss waveguide crossover in FIG. 4a is wavelength 
dependent. In theory, the coupling length is zero loss only for a particular wavelength. However, 
even for the broadband wavelength range of 1.53 to 1.60 um (telecommunications C and L bands 
combined), the maximum L C0U piing is only 0.05 db. Therefore, the worst-case total loss is still only 
0.2 dB for the improved low-loss waveguide crossover. 

[0041] The improved method can also be easily implemented with very few bridges, thus 
reducing the coupling loss for any single path. FIG. 6 illustrates the same interconnect pattern 
shown in FIG. 1, but uses the improved waveguide crossovers instead. Note that with only nine 
bridges (laid out in the vertical pattern as shown), all 36 of the intersection points in the pattern can 
be bridged. These nine bridges are denoted by segments (61)-(69). It can be shown that only (N-l) 2 
bridges are required to eliminate all intersecting crossovers on a NxN Spanke switch if the layout 
geometry is appropriately chosen. 

[0042] The waveguide structure for the improved low-loss waveguide crossover can be created 
by processes typically used in creating buried-channel waveguides. FIGs. 7a-7i show a fabrication 
sequence that can be used to make the improved waveguide crossover of FIG. 4a. First, in FIG. 7b, 
a low-index lower cladding (or buffer) layer (71) is thermally grown or deposited on the substrate 
(70). Next, in FIG. 7c, a higher-index core layer (72) is deposited on the lower cladding layer (71). 
As shown in FIG. 7d, this core layer is then patterned and etched, resulting in the lower-level core 
structure (73) with its input, output, and transverse waveguide cores. Next, as shown in FIGs. 7e and 
7f, a low-index upper cladding (74) is deposited and planarized (75). The thickness of this upper 
cladding layer (74) must be very accurately controlled. In order to do this, this upper cladding layer 
(74) must be consolidated/reflowed with very accurate control, or it must controlled by chemical 
mechanical planarization (CMP). After this step, as shown in FIG. 7g, an additional core layer (76) 
is deposited on the upper cladding layer (74). As shown in FIG. 7h, this core layer (76) is then 
patterned and etched, resulting in the upper-level core structure (77), which forms the "bridge" core. 
And finally, as shown in FIG. 7i, the low-index upper cladding (78) is deposited. 
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[0043] FIGs. 8a and 8b illustrate an example of a preferred embodiment of a waveguide core 
structure of an improved low-loss waveguide crossover. In this preferred embodiment, when light is 
coupled once from a waveguide core (10) on a first plane (depicted as a lower plane, for example) to 
a waveguide core (30) on a second plane (here depicted as an upper plane, for example), the light 
does not need to be coupled back to the first plane to continue forward propagation. One coupling 
occurs instead of two, and the expected loss from two couplings is now reduced by one-half. This 
example of a preferred embodiment that uses one out-of-plane coupling instead of two, relies on 
vertical, or out-of-plane, directional coupling to "bridge" over any number of waveguides with very 
low, or essentially no, optical loss or crosstalk. This method uses one coupling bridge to complete 
light transition from one plane to another. 

[0044] As shown in FIG. 8a, the light propagating in waveguide core (10) in a first plane, in the 
direction of arrow (125), is optically coupled into another waveguide core (30) in a second plane by 
directional coupling. By contrast, the light in FIG. 4a is coupled from the waveguide core (10) in a 
first plane to another waveguide core (30) in a second plane, and then coupled back to a waveguide 
core (50) in the first plane. 

[0045] FIGs. 9a and 9b illustrate the BPM simulation results of the example preferred 
embodiment of an improved waveguide crossover of FIG. 8a. FIG. 9a is a BPM simulation result 
showing X and Z axes. FIG. 9b is a graph of the power of the light in the waveguide, normalized at 
X = 0. By this method, there is very little, or essentially no, light lost when crossing over 
waveguides. By this same virtue, there is also that much less crosstalk in the waveguides that have 
been bridged. As with FIGs. 4a and 4b, this method of creating low-loss optical waveguide 
crossovers can be implemented with any waveguide material system. Examples include doped 
silica, silicon oxynitride, sol-gel, silicon, polymer, GaAs, InP, LiNbC>3, or even fluid-based 
cores/claddings. 

[0046] When faced with a design that requires many waveguide crossovers, the example 
preferred embodiment of an improved waveguide crossover of FIG. 8a will result in lower loss and 
lower crosstalk. In the prior art, the total loss due to crossovers (L T ) is equal to the loss from each 
crossover (L cr oss) multiplied by the total number of crossovers (C), or: 

Lt = C(L cross ) 
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[0047] In the example preferred embodiment of an improved waveguide crossover of FIG. 8a, 
the total loss due to crossovers is equal to the coupling loss of the "bridge" (L CO upiingX plus the slight 
loss due to bridging over each waveguide (Lbridge), or: 

Lj = Lcoupling ^~ C(Lbridge) 

[0048] The following example demonstrates the loss improvement offered by the improved 
waveguide crossover of FIG. 8a. First, let's assume a waveguide system with the following 
parameters: 

no =1.450 
n, = 1.482 
a = 1.60 um 
A, = 1.55 um 

[0049] In the prior art system, the loss due to each crossover would be 0.045 dB. If we assume 
the 49 crossovers necessary for an 8x8 Spanke switch, the total loss is 2.2 dB. 

[0050] By employing the improved waveguide crossover of FIG. 8a, and assuming a center-to- 
center core separation (D) of 4.7 um and a coupling length of 368 um for the bridge core, L coup ij n g=0 
and Lbndge = 0.002. Therefore, the total loss after 49 crossovers is only 0.10 dB. 

[0051] It should be noted, however, that whereas the prior art method is relatively insensitive to 
wavelength, the loss of improved waveguide crossover of FIG. 8a is wavelength dependent. The 
coupling length is zero loss only for a particular wavelength. However, even for the broadband 
wavelength range of 1.53 to 1.60 um (telecommunications C and L bands combined), the maximum 
Lcoupling is only 0.05 db. Therefore, the worst-case total loss is still only 0.15 dB for this example 
improved waveguide crossover of FIG. 8a. 

[0052] FIG. 10 illustrates a 4x4 Spanke switch that utilizes the improved waveguide crossover of 
FIG. 8a. FIG. 10 exhibits the same interconnect pattern shown in FIG. 1. Lower waveguide cores 
(161, 162) remain on this plane until a need occurs to "bridge" up over other lower waveguide cores. 
Waveguide coupling (163) occurs in convenient open areas. Bridge segments (164, 165) are laid 
out in a vertical and horizontal pattern, and all crossover points in the pattern are effectively bridged. 
Upper waveguide cores (166, 167) remain on this plane. 

[0053] The waveguide structure for the improved low-loss waveguide crossover of FIG. 8a can 
be created by processes typically used in creating buried-channel waveguides. FIGs. 1 la-1 li show a 

10 

D0CS0C1:147137.1 



Patent 

Docket No. 703427.4004 

fabrication sequence that may be used to manufacture the improved waveguide crossover of FIG. 8a. 
First, in FIG. 1 lb, a low-index lower cladding (or buffer) layer (171) is thermally grown or 
deposited on the substrate (170). Next, in FIG. 11c, a higher-index core layer (172) is deposited on 
the lower cladding layer (171). As shown in FIG. lid, this core layer is then patterned and etched, 
resulting in the lower-level core structure (173) with its input, output, and transverse waveguide 
cores. Next, as shown in FIGs. 1 le and 1 If, a low-index upper cladding (174) is deposited and 
planarized (175). The thickness of this upper cladding layer (174) must be very accurately 
controlled. In order to do this, this upper cladding layer (174) must be consolidated/reflowed with 
very accurate control, or it must controlled by chemical mechanical planarization (CMP). After this 
step, as shown in FIG. 1 lg, an additional core layer (176) is deposited on the upper cladding layer 
(174). As shown in FIG. 1 lh, this core layer (176) is then patterned and etched, resulting in the 
upper-level core structure (177), which forms the "bridge" core. And finally, as shown in FIG. Hi, 
the low-index upper cladding (178) is deposited. 

[0054] Another method of fabricating any of these multi-layer improved waveguide crossover 
couplers is via a bonded assembly. It can be envisioned that the lower cladding and lower core be 
deposited on one wafer, and the upper cladding and upper core be deposited on another wafer. The 
lower and upper core layers would then be patterned accordingly. The intermediate cladding could 
be deposited on one or the other wafer, or half on each. Then, the two wafer stacks can be 
sandwiched together to create the desired layer stack. An alternative to depositing the intermediate 
cladding layer would be to substitute it with an index matching fluid (i.e., having an index-matched 
to that of the cladding). Either method of fabrication could offer an alternative method of achieving 
a planarized, thickness-controlled intermediate cladding layer. 

[0055] It should be noted that the transverse waveguides are not necessarily required to run at 
right angles to the bridge waveguide. Although the loss due to overcrossing each transverse 
waveguide (L br idge) and the crosstalk into those waveguides will be increased for angles less than 90°, 
the loss and crosstalk may be acceptable for the given application in order to achieve a more 
compact interconnect layout. Alternatively for any of the embodiments, the bridge waveguide can 
be fabricated to reside beneath the transverse waveguides. 

[0056] The amount of core overlap required for maximum coupling, known as the coupling 
length (L c ), is dependent upon the waveguide structure (e.g., core index, cladding index, and core 
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dimensions), the separation between the cores, and the wavelength of light being propagated. The 
following equations describe directional coupling by giving the normalized optical power in the 
original waveguide (P a ) and in the coupled waveguide (Pb) as a function of propagation length (z): 

P a =l-Fsin 2 [(7i/2)(z^L c )] 
P b = FW[(7t/2)(z/L c )] 

where F = 1/[1+(5/k) 2 ] 

L c = 7i/[2(k 2 +8 2 ) 1/2 ] 
8 = (P r p 2 )/2 

pi and p2 are the propagation constants of the two waveguides. If their cores have the same 
dimensions and indices, and reside in a common cladding, then pi=p2 and 5=0. If 5=0, the 
aforementioned general equations reduce to: 

P a = cos 2 [(7t/2)(z/L c )] 
P b = sin 2 [(7i/2)(z/L c )] 

where L c = 7i/(2k) 

[0057] Notice that only when 5=0 (Pi=p 2 ) can the coupling efficiency reach 100%. The only 
variable yet to be described is k, which is the coupling coefficient. Calculating the coupling 
coefficient is very involved and does not have a closed form solution (due to the requirement that the 
E-field distribution must be calculated). The coupling coefficient (or more directly, the coupling 
length) is best determined by beam propagation method (BPM) software. The slab waveguide 
approximation (which only treats the x-dimension, and not both x and y) simplifies the calculation, 
but it still does not have a closed- form solution. It should be noted that the slab waveguide results 
can vary significantly from rectangular-core results. The slab waveguide equations will be shown 
here only to show the dependencies and give an idea of the magnitude of the result. The slab 
waveguide coupling coefficient equation for the Transverse Electric (TE) mode component is: 

k = CDS 0 (ni 2 -no 2 ) j. a a Ei y E 2 y dx / [(2p/o)(Oo) |Ei y | 2 dx] 
where Ei y = A-cos(ux/a) for |x| < a 

= A-cos(u)-exp[-(w/a)(|x|-a)] for |x| > a 
and E 2y = A-cos(u)-exp[(w/a)(x-D+a)] 

12 
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[0058] A graphic to help visualize the physical representations of these equations is shown in 
FIG. 12. These equations can be reduced to: 

k = [(2A) 1/2 uV/a(l+w)v 3 ]exp[-(w/a)(D-2a)], ' 
where D is the center-to-center separation between the cores, and a is the core half-height. As 

aforementioned, the other variables are: 

A = (n 1 2 -n 0 2 )/(2n 1 2 ) 
v = (27ta/^)(n 1 2 V) 1/2 

w = u-tan(u) 

u = (v 2 V) ,/2 

These last two equations must be solved by recursion. For example, what is the coupling length for 
a waveguide system with the following parameters? 

no =1.450 
11! = 1.482 
a = 1 .60 um 
D = 4.7 um 
X = 1.55 um 

Using the aforementioned equations: 

A = 0.0214 
v = 1.986667 radians 
w= 1.700426 radians 
u= 1.027325 radians 
k = 0.00378 radians/um 
L c = 415 um 

[0059] Note that for a square core (with a=1.60 um and all other parameters remaining the same) 
the coupling length (L c ), as determined by BPM, is 368 um. This is 1 1% less than the slab 
waveguide result. 

[0060] Also note that the coupling coefficient (k), and hence the coupling length (L c ), become 
more wavelength dependent with larger core separation (D). This can be seen from the fact that u, v 
and w are all wavelength dependent; they all decrease with increasing wavelength. And the larger 
the value of D, the more weight w's wavelength dependence has on the exponent in k, causing k to 
have a larger variation over the spectral band. Therefore, although it is desirable to make D as large 
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as possible to minimize the loss due to bridging over each waveguide (L b ridge) 3 there becomes a point 
where the wavelength-dependent coupling loss (L C0U piing) increases the total loss more than C(L br idge) 
decreases the total loss over the spectral band. Of course, it can be envisioned that a material with a 
refractive index even lower than the intermediate cladding be substituted for the intermediate 
cladding layer just over the transverse cores (but not in the coupling region) such that the 
propagating mode field in the bridge interacts even less with the transverse waveguides, thus 
decreasing L br idge without encountering the increased wavelength-dependent loss that would 
otherwise arise from increasing D. 

[0061] The example embodiment discussed is based on a doped silica material system. 
However, this method of creating low-loss optical waveguide crossovers can be implemented with 
other types of waveguide systems. The analysis of these systems is well known to those who 
practice the art of waveguide design. 

[0062] While various embodiments of the application have been described, it will be apparent to 
those of ordinary skill in the art that many more embodiments and implementations are possible that 
are within the scope of the subject invention. For example, the reader is to understand that the 
specific ordering and combination of process actions described herein is merely illustrative, and the 
invention can be performed using different or additional process actions, or a different combination 
or ordering of process actions. As another example, each feature of one embodiment can be mixed 
and matched with other features shown in other embodiments. Features known to those of ordinary 
skill in the art of semiconductor processing or the art of optics may similarly be incorporated as 
desired. Additionally, features may be added or subtracted as desired and thus, a bridge system 
having more than one additional layer is also contemplated, whereby light can be coupled to any 
number of layers. This approach can be used to avoid crossovers at multiple levels. 
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